INTRODUCTION
Synaptophysin (syp) was the first synaptic vesicle (SV) protein to be cloned and characterized (Jahn et al., 1985; Navone et al., 1986; Wiedenmann and Franke, 1985) , and is now known to belong to a family of proteins with four transmembrane domains that includes synaptogyrin (syg) and synaptoporin (Sudhof et al., 1987) . Syp is the most abundant SV protein by mass, accounting for $10% of total vesicle protein (Takamori et al., 2006) . Each SV harbors $32 copies of syp, which is second only to synaptobrevin (8% of the total SV protein) at $70 copies per vesicle. Because syp is exclusively localized to SVs, it is widely used as a marker for presynaptic terminals.
Structurally, syp spans the vesicle membrane four times with a short amino-and a long carboxy-terminal tail, both of which are exposed on the cytoplasmic surface of the SV membrane. In addition, there are two short intravesicular loops that contain disulfide bonds. Syp is N-glycosylated on the first intravesicular loop and is phosphorylated on the long cytoplasmic tail; the function of these posttranslational modifications remain unknown (Evans and Cousin, 2005; Pang et al., 1988; Wiedenmann and Franke, 1985) . There is evidence suggesting that syp, especially its four transmembrane domains, may promote formation of highly curved membranes as in small SVs (Leube, 1995) . Indeed, ectopic expression of syp alone in nonneuronal cells leads to formation of small cytoplasmic vesicles (Leube et al., 1989) . A recent electron microscopy study revealed that syp forms hexameric structures that are similar to connexons (Arthur and Stowell, 2007) .
Previous molecular studies have hinted at a number of diverse roles for syp in synaptic function including exocytosis, synapse formation, biogenesis, and endocytosis of SVs (Cameron et al., 1991; Eshkind and Leube, 1995; Leube et al., 1989; SpiwoksBecker et al., 2001; Tarsa and Goda, 2002; Thiele et al., 2000; Thomas et al., 1988) . Surprisingly, mice lacking syp were viable and had no overt phenotype (Evans and Cousin, 2005; McMahon et al., 1996) . Synaptic transmission, and the morphology or shape of SVs, were not altered in syp knockout (sypÀ/À) mice (Eshkind and Leube, 1995; McMahon et al., 1996) . The lack of an obvious phenotype was attributed to redundant expression of syp isoforms such as synaptogyrin (syg) or synaptoporin. Consistent with this notion, mice lacking both syp and syg exhibited diminished long-term potentiation (Janz et al., 1999) . Nevertheless, recent genetic screening in human subjects, and behavioral studies in mice, have implicated loss or truncation of syp in mental retardation and/or learning deficits (Schmitt et al., 2009; Tarpey et al., 2009 ). These new results suggest that syp might play a subtle yet important role in regulating synaptic transmission in neuronal circuits involved in learning and memory.
As alluded to above, it is not clear as to whether syp functions in the SV recycling pathway in central neurons. To test this notion directly, we performed a quantitative analysis of SV recycling in cultured neurons using optical and electrophysiological methods. We show that syp regulates the endocytosis of SVs both during and after sustained neuronal activity via distinct structural determinants. We further show that the observed defects in endocytosis, due to loss of syp, exacerbate synaptic depression and delay the replenishment of releasable SV pools.
RESULTS

Synaptophysin Regulates the Kinetics of Compensatory SV Endocytosis
To determine whether syp functions in the SV recycling pathway, we directly monitored the trafficking of SV proteins tagged with the pH-sensitive GFP, pHluorin (Miesenbock et al., 1998; Sankaranarayanan and Ryan, 2000) , in dissociated hippocampal neurons from syp knockout (sypÀ/À) mice. We used two different optical reporters, syt1-pH and SV2A-pH, in which a pHluorin was fused to the intraluminal domain of the SV membrane protein synaptotagmin 1 (syt1) or SV2A, respectively (Fernandez-Alfonso et al., 2006). These reporters were expressed in neurons using lenti-virus. SV2A-pH is a novel reporter; its use in monitoring the SV cycle in cultured neurons was validated as shown in Figure S1 available online. In short, SV2A-pH is efficiently targeted to recycling SVs and its expression does not interfere with the normal SV recycling pathway ( Figures S1A-S1D) .
We compared the kinetics of SV endocytosis after sustained stimulation in wild-type (WT) and sypÀ/À neurons. At rest, the fluorescence of syt1-pH remained quenched due to the low pH of the vesicle lumen (pH 5.5) ( Figure 1C ). Exocytosis, evoked by delivering 300 stimuli (10 Hz), led to a rapid rise in fluorescence due to dequenching of the pHluorin signal upon exposure to the slightly alkaline extracellular solution (pH 7.4), followed by a slow decay due to subsequent endocytosis and reacidification of vesicles (Figures 1A and 1C) . Average time constants (t) of the poststimulus fluorescence decay were significantly greater in sypÀ/À versus WT neurons (t = 18.6 ± 1.8 s for WT, t = 29.6 ± 1.5 s for sypÀ/À) ( Figures 1A and 1F SV endocytosis and/or reacidification. To distinguish between these possibilities, we measured the time course of vesicle reacidification and found that the rates were identical in WT (t = 3.13 ± 1.2 s) versus sypÀ/À neurons (t = 3.31 ± 1.2 s) (Figure S1E) ; these time constants are in agreement with previous studies using cultured neurons (Atluri and Ryan, 2006) . The slow poststimulus endocytosis in sypÀ/À neurons was confirmed using SV2A-pH (t = 19.8 ± 0.5 s in WT, t = 30.6 ± 1.1 s in sypÀ/À) ( Figures 1B and 1F ). Direct comparison of these endocytic time constants is valid because the two genotypes have total recycling SV pools of the same size (Figures S1F and S1G). The observed defect in the rate of endocytosis was rescued by expressing wild-type synaptophysin (wt-syp) in sypÀ/À neurons (t = 20.4 ± 0.9 s in sypÀ/À; wt-syp) ( Figures  1D and 1F) . Interestingly, when a weaker stimulation protocol was used (50 pulses, 10 Hz), the time course of endocytosis was not significantly different between WT and sypÀ/À neurons (t = 19.3 ± 0.4 s in WT, t = 18.5 ± 0.3 s in sypÀ/À) ( Figure 1E ). Interpretation of this result is provided in the Discussion section. We performed FM1-43 uptake experiment to test whether SV membrane recycling, in addition to trafficking of cargo proteins, was altered by loss of syp ( Figure 1G ). WT and sypÀ/À neurons were stimulated in the absence of FM1-43 for 30 s at 10 Hz and, after a 30 s delay, were exposed to the FM dye for 3 min. Neurons were then washed for 10 min in Ca 2+ -free solution followed by two stimulus trains (900 pulses each at 10 Hz, 2 min rest between two trains) to drive maximal dye release from vesicles. Fluorescence changes (DF 1 ) were measured from images acquired before and after the 900 pulse trains. Each measurement was normalized to a subsequent control run in which FM dye was applied at the onset of stimulus without a delay; this protocol allows labeling the total pool of SVs that undergo exo-and endocytosis during and after the 30 s stimulation, yielding DF 2 . We hypothesized that, in WT neurons, endocytosis would be largely complete within the 30 s delay, leaving few vesicles available for FM dye uptake (Figures 1A and 1B) . However, in sypÀ/À neurons, endocytosis would still be taking place during and after the 30 s delay, resulting in a larger fraction of FM dye-labeled SVs. Indeed, sypÀ/À neurons internalized more dye than wild-type neurons (0.15 ± 0.01 in WT, 0.27 ± 0.01 in sypÀ/À), consistent with slower endocytosis observed using pHluorin ( Figures 1H and 1I) .
Thus, we conclude that while syp is not essential for endocytosis per se, it is required for kinetically efficient SV retrieval after sustained stimulation.
Syp Regulates Endocytosis during Neuronal Activity
Recent evidence suggests that endocytosis that occurs during sustained stimulation might proceed through molecular mechanisms that are distinct from endocytosis that occurs after stimulation (Ferguson et al., 2007; Mani et al., 2007) . As shown above, syp regulates vesicle retrieval after sustained neuronal activity, so we then tested whether syp functions in endocytosis during stimulation. To this end, we took advantage of the vesicular ATPase blocker, bafilomycin (Baf) that inhibits the reacidification of SVs (Nicholson-Tomishima and Ryan, 2004) . Neurons expressing SV2A-pH were stimulated at 10 Hz for 30 s in the absence of Baf, and after a 10 min rest, were stimulated again at 10 Hz for a longer time (120 s) in the presence of Baf (Figure 2A) .
The difference in fluorescence intensity between the two rounds of stimulation reflects the magnitude of endocytosis that had occurred during stimulation ( Figure 2B ; ''Endo'') (NicholsonTomishima and Ryan, 2004) . We derived the time courses of vesicle retrieval during stimulation (labeled as ''endocytosis'' in Figure 2E ) by calculating the difference between the upper (with Baf) and lower (without Baf) traces from each group in Figures  2B-2D . Figure 2E shows the progress of exocytosis and endocytosis during sustained stimulation for all groups. Endocytic rates were empirically estimated from the slope of the time courses (e.g., solid line for WT sample; Figure 2E ) (Nicholson-Tomishima and Ryan, 2004 and 2F). We also quantified the extent of endocytosis (Endo) as a fraction of exocytosis (''Exo'') at the end of the train (t = 43 s).
In sypÀ/À neurons, the extent of endocytosis (endo/exo) during sustained neuronal activity was significantly reduced as compared to WT neurons (0.35 ± 0.02 in WT, 0.10 ± 0.03 in sypÀ/À, p < 0.001); this defect was rescued by expressing wt-syp in sypÀ/À neurons (0.28 ± 0.03 in sypÀ/À; wt-syp) ( Figure 2G ). Time courses of exocytosis, estimated by fitting Baf-treated SV2A-pH traces with single exponential functions, were identical in all groups (t = 31.0 ± 1.2 s in WT, t = 32.3 ± 1.3 s in sypÀ/À, t = 32.5 ± 1.8 s in sypÀ/À; wt-syp) ( Figure 2H ). Therefore, syp is required for efficient SV endocytosis during, as well as after, persistent neuronal activity.
A Cytoplasmic Tail of Synaptophysin Selectively Controls Endocytosis during, but Not after, Neuronal Activity To understand how syp controls the two phases of SV endocytosis, we focused on the C-terminal cytoplasmic tail that contains putative phosphorylation sites consisting of nine repeats of tyrosine-glycine-proline/glutamine (YG(P/Q) (Sudhof et al., 1987) . This tail region was reported to bind dynamin I, which is thought to mediate vesicle fission during endocytosis (Daly and Ziff, 2002; Ferguson et al., 2007) . Moreover, injection of a C-terminal fragment of syp into the squid giant axon resulted in accelerated synaptic depression during prolonged stimulation (Daly et al., 2000; Daly and Ziff, 2002) .
To address the function of the C-terminal tail of syp, we expressed a mutant syp that lacks this segment (DC-syp, lacking amino acids 244-307 that harbor all of the nine YG(P/Q) repeats) in sypÀ/À neurons and analyzed the vesicle retrieval using SV2A-pH. Surprisingly, DC-syp rescued the slow poststimulus endocytosis in sypÀ/À neurons to almost the same level as the full-length protein (t = 20.9 ± 0.7 s in sypÀ/À; DC-syp, t = 20.4 ± 0.9 s in sypÀ/À; wt-syp) ( Figure 3A) . We then examined vesicle retrieval during stimulation using the same protocol as in Figure 2A ( Figure 3B) . As compared to wt-syp, the truncation mutant syp failed to rescue defective endocytosis during neuronal activity in terms of rate (0.0095 AU s À1 in sypÀ/À; wt-syp, 0.0045 AU s À1 in sypÀ/À; DC-syp) ( Figures 3C and 3D) and the relative magnitude of vesicle retrieval (0.28 ± 0.03 in sypÀ/À; wt-syp, 0.14 ± 0.03 in sypÀ/À; DC-syp) ( Figures 3B  and 3E ). These results suggest that the C-terminal domain of syp is selectively required for the endocytosis that occurs during, but not after, cessation of sustained synaptic transmission. A previous study reported that the C-terminal tail is essential for internalization of syp in fibroblasts (Linstedt and Kelly, 1991) . We tested this notion using full-length pHluorin-tagged synaptophysin (fl sypHy) and the mutant sypHy (DC-sypHy) that lacks the same C-terminal segment (amino acids 244-307). DC sypHy fluorescence, at the end of the 10 Hz stimulation protocol (30 s), showed a punctate distribution that was indistinguishable from full-length sypHy, reflecting efficient targeting to SVs ( Figure S2A ). The poststimulus endocytic time-constant of DC sypHy (t = 18.8 ± 0.8 s) was not significantly different from full-length sypHy (t = 18.0 ± 0.8 s) (Figure S2B ), indicating that the C-terminal tail of syp is not required for efficient internalization of syp after neuronal activity. Next, we tested whether trafficking of syp, during neuronal activity, was altered in DC sypHy using the same protocol as in Figure 2A . Interestingly, retrieval of DC sypHy during neuronal activity was significantly reduced (0.31 ± 0.02 for fl sypHy, 0.18 ± 0.04 for DC sypHy) and also became slower as compared to full-length sypHy (0.015 AU s À1 for fl sypHy, 0.010 AU s À1 for DC sypHy) ( Figures   S2C and S2D) . Thus, these results further demonstrate that different motifs within syp are involved in controlling the endocytosis of SV that occurs during, versus after, sustained synaptic transmission, potentially by recruiting distinct ensembles of proteins for recycling.
syp-/-Neurons Exhibit Pronounced Synaptic Depression and a Slower Recovery of the Recycling Vesicle Pool
We investigated the physiological significance of the endocytic defects in sypÀ/À neurons by performing whole-cell voltageclamp recordings in dissociated cortical neurons. We locally stimulated neurons by delivering electrical pulses to the cell body using a stimulating electrode and recorded evoked inhibitory postsynaptic currents (IPSCs) from the cell body of postsynaptic partners. This method has been used to examine the dynamics of SV pools in numerous studies (Chung et al., 2010; Ferguson et al., 2007) . We measured the amplitude and the kinetics of single IPSCs between wild-type and sypÀ/À neurons, and found that these parameters were not altered ( Figures S3A and S3B ). Short-term plasticity, measured by paired-pulse ratio, was unaltered in sypÀ/À neurons ( Figures S3C and S3D ). These results suggest that the absence of syp does not affect the neurotransmitter release probability, postsynaptic responses or short-term synaptic plasticity, consistent with a previous study (McMahon et al., 1996) . We then tested whether syp plays a role in maintaining the recycling SV pool during sustained neuronal activity. To this end, we stimulated neurons by delivering a train of 100 pulses at 10 Hz and monitored the depression of IPSCs during the train. The difference between wild-type and sypÀ/À neurons emerged after 20 stimuli and became more pronounced at later time points; by the end of 100 stimuli, only very small IPSCs could be elicited in sypÀ/À neurons, indicating that there were few remaining vesicles ready to fuse ( Figures 4A and 4B ). The average steady-state amplitudes of the IPSCs, determined by averaging the last 10 responses, were as follows: 0.171 ± 0.04 (WT), 0.060 ± 0.01 (sypÀ/À). The pronounced synaptic depression observed in sypÀ/À neurons was completely rescued by expressing wt-syp ( Figures 4C and 4D) . In marked contrast, DC-syp failed to rescue the enhanced depletion in sypÀ/À neurons ( Figures 4C and 4D ). Together with findings described above (Figure 3) , we conclude that the loss of C-terminal cytoplasmic domain leads to inefficient SV endocytosis and pronounced synaptic depression during sustained neuronal activity. We also measured the time course of recovery of the recycling SV pool. Neurons were stimulated at 10 Hz for 20 s to deplete vesicles, and after a brief pause, they were stimulated at 0.5 Hz to monitor regrowth of IPSCs ( Figure 4E ). Amplitudes of all responses were normalized to the first response during the train. Recovery from depletion was significantly slower in sypÀ/À neurons ( Figures  4E and 4F) . We note that the releasable vesicle pool was not completely depleted in wild-type neurons even with the most intense stimulation that we were able to use without compromising cell viability (200 APs, 10 Hz in 4 mM Ca 2+ ). Nevertheless, recovery proceeds with a much steeper slope in wild-type (t = 5.60 s), as compared to sypÀ/À neurons (t = 12.8 s) (Figure 4F ), consistent with results from pHluorin experiments shown above.
DISCUSSION
The data reported here firmly establish a role for syp in facilitating rapid and efficient SV endocytosis in mammalian central neurons. sypÀ/À neurons exhibited defective SV endocytosis both during and after neuronal activity while exocytosis and the size of the total recycling pool of SVs were unaffected. Truncation of the C-terminal tail of syp led to slower endocytosis during neuronal activity, consistent with a previous study in which a tail fragment was injected into the squid giant axon (Daly et al., 2000) . However, the same truncation mutant had no effect on endocytosis after neuronal activity; hence, the two endocytic processes-one during stimulation and another that is employed after stimulation-are controlled by distinct domains of syp.
The observed defects in SV endocytosis in sypÀ/À neurons result in functional consequences including the pronounced depletion and slower recovery of the recycling SV pool. The slow time constant of poststimulus endocytosis might seem to be at odds with the rapid divergence of the synaptic depression time course between wild-type and sypÀ/À neurons during sustained stimulation ( Figures 4A and 4B) . Such rapid depression observed in sypÀ/À neurons prompted us to test the possibility that rapid retrieval, or ''kiss and run'' endocytosis of vesicles, is affected in the absence of syp. We note that whether kiss-andrun/fast retrieval (within $1 s) is a common mode of endocytosis in hippocampal synapses remains the subject of debate (Balaji et al., 2008; Ertunc et al., 2007; Granseth et al., 2006; Zhang et al., 2009) . We calculated the rate of vesicle retrieval that occurs during stimulation as a fraction of the total recycling pool (as determined by the maximal DF values in the Baf traces) ( Figures  2E and 2F ). For wild-type neurons, only $1.3% of total recycling pool appears to undergo endocytosis within 1 s; this result argues against the notion that the rapid retrieval (i.e., kiss-and-run) predominates during sustained transmission. Hence, these results indicate that the rapid divergence of the synaptic depression time course between wild-type and sypÀ/À neurons cannot be attributed to loss of putative rapid endocytosis. An alternative explanation for the pronounced synaptic depression in sypÀ/À neurons is that syp might regulate another relatively rapid step, such as the clearance of vesicle release sites (Neher, 2010) . Interactions between SNARE proteins on vesicular and target membranes need to be disrupted after exocytosis to allow vesicle recycling. Syp might facilitate this process by binding to synaptobrevin II and clearing it from active zones. The loss of syp might lead to a ''traffic jam'' of vesicular components at release sites and thereby contribute to synaptic depression during sustained activity. However, it is not known whether the clearance of release sites is a rate-limiting step in hippocampal synapses. Finally, we note that read-outs from pHluorin imaging experiments and physiological recordings might not be directly comparable with each other due to several technical differences. These include (imaging versus electrophysiology) different methods of stimulating neurons (field stimulation versus local stimulation) and differences in temporal resolution (''s'' versus ''ms''). Therefore, there are caveats regarding direct comparison of data from these two experimental approaches.
We consider the following possibilities regarding how SV endocytosis can be affected in the absence of syp: (1), unitary endocytic events become slower, or (2), number of SVs that can be retrieved at the same time, i.e., ''endocytic capacity'' is reduced while endocytosis of individual SVs remains unaffected (Balaji et al., 2008) . Since we only measured the macroscopic time courses of vesicle retrieval, we cannot completely distinguish between these two possibilities. Nevertheless, the finding that compensatory vesicle retrieval in sypÀ/À became slower only after 300 stimuli argues the first scenario. Indeed, the rate of unitary endocytic events is reported to be largely invariant (Balaji et al., 2008) . Therefore, we propose that the role of syp is to maintain endocytic capacity in synapses. At the molecular level, syp may recruit or promote the assembly of endocytic components in order to maintain the number of available ''endocytic machines'' during and after sustained neuronal activity.
It will be of interest to determine whether SV endocytosis is further affected in syp and synaptogyrin double knockout mice with impaired long-term potentiation, a neural substrate for learning and memory (Janz et al., 1999) . Future studies will also focus on the molecular mechanisms through which syp interacts with binding partners-e.g., synaptobrevin II, dynamin I, and adaptor protein-I-to control vesicle recycling (Daly and Ziff, 2002; Edelmann et al., 1995; Glyvuk et al., 2010; Horikawa et al., 2002) . Given that syb II plays a role in vesicle endocytosis and that syp promotes vesicular localization of syb II, it is tempting to speculate that the function of syp in efficient SV endocytosis might involve a physical interaction with syb II (Deak et al., 2004; Hosoi et al., 2009; Wienisch and Klingauf, 2006) .
EXPERIMENTAL PROCEDURES Molecular Biology
Syt1-pH and sypHy constructs were kindly provided by T.A Ryan (New York, NY) and L. Lagnado (Cambridge, UK), respectively. SV2A-pH is described in Supplemental Experimental Procedures.
Neuronal Cultures and Viruses
A syp knock out mouse line was kindly provided by R. Leube (Mainz, Germany) (Eshkind and Leube, 1995) . The mouse line was maintained as heterozygous breeding pairs. Primary hippocampal cultures were prepared as described previously in accordance with the guidelines of the National Institutes of Health, as approved by the Animal Care and Use Committee of the University of Wisconsin-Madison (Liu et al., 2009 ). Viruses were generated in human embryonic kidney 293T cells as previously described (Dong et al., 2006) . See Supplemental Experimental Procedures for details.
Live-Cell Imaging
Neurons were continuously perfused with bath solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, 10 mM Glucose, 50 mM D-AP5, 10 mM CNQX adjusted to 310 mOsm with glucose, pH 7.4) at room temperature during imaging. During resting or washing steps, the 2 mM Ca 2+ was replaced with 2 mM Mg 2+ . For field-stimulation, 1 ms constant voltage pulses (70 V) were delivered digitally using ClampEX 10.0 via two parallel platinum wires spaced by 10 mm in the imaging chamber (Warner Instruments). Timelapse images taken at 1 s intervals were obtained on an inverted microscope (Nikon TE300) with a 1003 oil objective under illumination with a xenon light source (Lambda DG4). Fluorescence changes at individual boutons were detected using a Cascade 512II EMCCD camera (Roper Scientific) with 2 3 2 binning; data were collected and analyzed offline using MetaMorph 6.0 software. See Supplemental Experimental Procedures for details.
Electrophysiology
Whole-cell voltage-clamp recordings of evoked IPSCs were performed using an AxoPatch 200B amplifier (Molecular Devices) driven by pClamp 10. The internal pipette solution contained the following (in mM): 135 CsCl 2 , 1 EGTA, 10 HEPES, 1 NaGTP, 4 QX-314 (pH 7.4). Cells were continuously perfused with extracellular fluid (ECF): 140 mM NaCl, 5 mM KCl, 3 mM CaCl 2 , 2 mM MgCl 2 , 10 mM HEPES, 10 mM Glucose, 50 mM D-AP5, 10 mM CNQX, adjusted to 310 mOsm with glucose, pH 7.4. Recordings with a series resistance significantly larger than 20 MU were discarded. When 4 mM Ca 2+ was used as in Figure 4E , [Mg 2+ ] was lowered to 1 mM. Action potentials were evoked by stimulating presynaptic neurons with a theta-stimulating electrode with a voltage of 20-30 V for 1 ms. Data were sampled at 10 kHz, and filtered at 2 kHz.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/ j.neuron.2011.04.001.
